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Abstract Asphaltene precipitation may occur during pressure depletion or gas injection processes in
a reservoir. This phenomenon is an important problem during oil production, because it can result in
formation damage and the plugging of wellbore and surface facilities. In this work, the precipitation of
asphaltenes in an Iranian crude oil, under different pressures, is measured, using an experimental set
up based on high-pressure isothermal expansion and also atmospheric titration. For the particular oil
investigated, compositional data, precipitation phase diagrams, and bubble point and onset pressures are
reported. Also, in this work, the Perturbed Chain form of the Statistical Associating Fluid Theory (PC-SAFT),
the Solid model and the Flory-Huggins model are used, to correlate onset pressures and solvent ratios at
the onset point of precipitation for different solvents. The results show that the PC-SAFT EOS correlates
more accurately with the experimental results over a wide composition interval.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Asphaltenes and resins are polar fractions of crude oil that
can be separated by the addition of low molecular weight
n-alkanes. By definition, asphaltenes are the fraction of a crude
oil that is soluble in toluene and insoluble in an n-alkane;
typically pentane or heptane [1]. These fractions are formed by
molecules with a polyaromatic structure containing paraffinic
and naphthenic chains, as well as oxygen, nitrogen and sulfur,
as functional groups or heteroatom. Asphaltenes are heavy
hydrocarbon molecules that are in colloidal suspension in the
oil, stabilized by resins adsorbed on their surface. Changes in
pressure, temperature and composition may cause asphaltene
precipitation. When pressure in the reservoir is reduced or
∗ Corresponding author.
E-mail address: ghotbi@sharif.edu (C. Ghotbi).
1026-3098© 2012 Sharif University of Technology. Production and hosting by
doi:10.1016/j.scient.2011.11.006
Elsevier B.V.
Peer review under responsibility of Sharif University of Technology.
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introduced, the colloidal suspension may become destabilized,
resulting in asphaltene and resin molecules precipitating out of
the oil [2].
During oil recovery, asphaltene can be involved in the
formation of a solid phase,whichmay lead to the plugging of the
porous reservoirmatrix andwellbores, giving rise to production
problems. Asphaltene also causes problems to many of the
processes applied to crude oil refining. Asphaltene is known to
cause catalyst deactivation by physical–chemical interactions
with the catalyst.
A literature review indicates that models of asphaltene
precipitation can be classified into solubility, solid, colloidal,
micellization and SAFT.
One of the best models of solubility in modeling asphaltene
precipitation is the solubility model, suggested by Hirschberg
et al. [3]. In this model, a Vapor–Liquid–Liquid Equilibrium
(VLLE) model is employed, using separate VLE and LLE
calculations to predict the phase splits (vapor, asphaltene and
crude oil fractions). The model uses the concept of material
balance by coupling with a thermodynamic model. The SRK
equation of state is employed for estimation of the component
properties for the lighter fraction and equilibrium calculation.
The properties of heavy fractions in the crude oil system
are determined, using empirical correlations. As asphaltene
is assumed to be a polymeric substance [4,5], the theory of
a polymeric solution is used for the prediction of asphaltene
precipitation in crude oil.
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AAD Average Absolute Deviation
Aseg Segment contribution to the mixture Helmholtz
free energy
Achain Chain contribution to themixtureHelmholtz free
energy
A0hs Hard-sphere contribution to themixtureHelmholtz
free energy
A0disp Dispersion contribution to themixtureHelmholtz
free energy
cal. Calculated
exp. Experimental
dii Temperature-dependent segment diameter of
species
f Fugacity
kij Binary interaction parameter
m Average of the pure species segment number
P Pressure
P∗ Reference pressure
R Gas constant
T Temperature
u Internal energy
v Molar volume
W Mass fraction
x Mole fraction of species
Subscripts
a Asphaltene
L Liquid phase
nc ncth component
v Vapor
Greek Symbols
η Package fraction
σ Segment diameter, Å
ε Depth of pair potential
ρ Total number density of molecules
ξ Abbreviation (n = 0, . . . , 3) defined by Eq. (13)
Φ Volume fraction
The simplest model for the precipitated asphaltene is the
single-component Solid model. The precipitated asphaltene is
treated as a single component modeled as a solid phase, while
oil and gas phases are modeled with cubic Equations Of State
(EOSs). The Solidmodel can requiremany empirical parameters
and excessive tuning to match experimental data [6]. Nghiem
et al. [7] proposed their model by considering the precipitated
asphaltene as a pure dense phase, while the heaviest compo-
nent in the oil can be split into two parts; non-precipitating and
precipitating. The precipitating component is considered to be
asphaltene. The amount of asphaltene precipitation can be ob-
tained by equating the fugacity of asphaltene components in
the liquid and solid phases. The model is easy to implement,
but it needs experimental data to determine one of its parame-
ters, and a three-phase flash calculation may also be necessary.
Chung [8] developed his precipitationmodel by treating asphal-
tene as a lumped pseudo component and the other components
as solvents. The asphaltene content of crude oil is determined
by n-pentane titration, and then experiments are conducted to
measure the solubility parameter of the asphaltene. This is alsoa simplemodel, because the solubility of asphaltene in crude oil
can be computed directly.
The first colloidal model used to describe asphaltene
precipitation was developed by Leontaritis [9]. In this model,
a VLE calculation is first performed, using an EOS to estimate
the liquid composition in which asphaltene can flocculate.
Then, the critical chemical potential, which is calculated using
the Flory–Huggins theory [4,5], is used to predict the onset
of precipitation. The colloidal model is more applicable to
situations in which dissociation of the asphaltene occurs.
In the micellization models, the asphaltenes are assumed
to be aggregate, forming a micelle core with resin molecules
adsorbed on the surface of the core, to stabilize the micelle.
Victorov and Firrozabadi [10] formulated this model through
aggregation equilibrium and the standard free energy of micel-
lization. The polydispersity of asphaltene aggregates was taken
into account byVictorov and Smirnova [11]. Their approachwas
then revised and combined with a more detailed description
of the precipitated phase. In this approach, asphaltene concen-
tration is determined by minimization of the Gibbs free energy
of the crude oil bulk phase and the precipitated phase. The re-
sults of the micellization model agree well with experimental
data [12]. Chapman et al. [13] derived the SAFT equation of state
by applying and extendingWertheim’s first-order perturbation
theory [14] to chain molecules. Gross and Sadowski [15] de-
veloped the perturbed chain modification (PC-SAFT) to SAFT,
by extending the perturbation theory of Barker and Hender-
son [16] to a hard-chain reference. PC-SAFT employs a hard
sphere reference fluid, described by the Mansoori et al. [17]
equation of state. This version of SAFT properly predicts the
phase behavior of high-molecular-weight fluids, similar to large
asphaltene molecules.
In this work, the precipitation of asphaltenes in an Iranian
crude oil under different pressures ismeasured, using an exper-
imental set up, based on high-pressure isothermal expansion
and atmospheric titration with different solvents.
Experiments were carried out from the live and dead-oil
type of the same crude oil. For the oil investigated, composi-
tional data, precipitation phase diagrams, and bubble point and
onset pressures are reported.
Experimental data are modeled with PC-SAFT EOS, the Solid
model and the Flory–Huggins model.
2. Experimental section
2.1. Materials
An Iranian crude oil sample was collected for measuring the
onset, bubble point and titration experiments with n-alkanes.
This oil and its asphaltene/resin fractions were separated and
characterized. The density and viscosity of the heavy oil were
measured to be ρoil = 875 kg/m3 and µoil = 9040 mPa s
at atmospheric pressure and constant room temperature. The
purity of solvents (Fisher Scientific, USA) used as a precipitant
in this study is equal to 99.9%.
2.2. Experimental set up
2.2.1. Asphaltene precipitation measurement at different pres-
sures for live oil
A laser Solid Detection System (SDS) was adopted to
measure the onset of asphaltene precipitation. The incident
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the laser beam can be transmitted through the sample chamber
before reaching the light detection probe. A magnetic stirrer
was used to agitate the sample to accelerate the equilibrium
process. The conventional pressure depletion process has been
performed on oil under reservoir temperature, for examining
whether asphaltene precipitation could be happening. The
experimental method is briefly described as follows [18]:
• For removing any possible solid particles present in oil, the
feed oil is filtered first and then charged into the cell under
a single-phase condition. The equilibrium cell is thoroughly
cleaned, evacuated and maintained at a preset temperature
(reservoir temperature).
• The light transmittance through the oil is recorded, using a
SDS logging system.
• The system pressure is lowered stepwise under isothermal
conditions down to the bubble point pressure. At each
pressure step, the oil in the cell is agitated for 30 min,
and then the light transmittance data is taken. In the
single-phase region, when system pressure is lowered, the
oil becomes less dense, and thus a stronger light signal
will be received. When asphaltene precipitation occurs, the
incoming light will be scattered, resulting in a significant
decrease in the intensity of received light-signal.
• When the system pressure is reduced to lower than bubble
point, the vapor phase will be generated, which will
interfere with laser beam transmittance; hence the SDS
logging system can no longer be applied to detect the
onset of asphaltene precipitation. In this study, the amount
of asphaltene precipitation in the two-phase region was
determined by filtrating the oil phase.
When the precipitation onset pressure is reached, the isother-
mal expansion continues to find the highest pressure at which a
bubble of gas is first liberated from the oil; that is at the bubble
point. The pressure can be controlled within a range of 2 bars.
2.2.2. Asphaltene precipitationmeasurement at atmospheric titra-
tion with different solvent
Experiments were performed to determine the amounts
of asphaltene precipitated when a sample of oil was titrated
with five different solvents (n-C5, n-C6, n-C7, n-C9 and n-C12).
The crude oil was previously filtrated, using a 0.45 µm Teflon
membrane to remove any suspended material. The titration
experiments were performed by adding a specified volume of
n-alkane, corresponding to a desired solvent to oil ratio, to 5 g
of crude oil in an appropriate flask.
After 15 min of ultrasonic shaking, the mixture was left
overnight. Then, the solution of n-alkane and deasphalted
oil was filtered, using a vacuum system with a 0.45 µm
Teflon membrane (previously weighed). Finally, the flask
and the membrane were rinsed with small volumes of
the corresponding n-alkane to eliminate residual oil. The
membrane with the precipitated material was dried in a
vacuum oven at 0.1 bar (gauge pressure) and 333 K over 6 h
and weighed to determine the asphaltene mass precipitated.
The asphaltene molecular weight was determined by the gel-
permeation chromatography method.
3. Theory
In this work, the onset pressure and mass of precipitated
asphaltenewere obtained by correlating the PC-SAFT EOS, Solid
and Flory–Huggins models, with the experimental data.3.1. Flory–Huggins theory
According to the Flory–Huggins theory [8,9], the chemical
potential of the polymeric component is calculated as follows:
(µp − µ0p)
RT
= InΦp +

1− Vp
Vs

Φs + VpRT [(δp − δs)Φs]
2. (1)
The solubility parameter in Eq. (1) is written as below:
δi =

1u
v
0.5
. (2)
The values of1u and v are calculated by the SRK EOS.
In this study, it is also assumed that the asphaltene
phase is a pure liquid pseudo-component in which asphaltene
precipitation has no effect on liquid–vapor equilibrium. Also,
crude oil is considered a binary homogeneous mixture of
asphaltene and solvent.
By equating the fugacity of asphaltene in liquid and solid
phases, we have:
ΦLp = exp

V Lp
V L
− 1

Φs −
V Lp
RT
(δp − δs)2Φ2s . (3)
The weight fraction of asphaltene precipitation is calculated as
below:
Wp =
(1− ΦLp)(MLw/V L)
(1− ΦLp)(MLw/V L)+ (ΦLp)(Mwp/VP)
. (4)
This model correlates the experimental data with a limited
degree of success.
3.2. Solid model
The Solid model treats the precipitating asphaltene as a
single component residing in the solid phase, while oil and
gas phases are modeled with a cubic EOS. Solid models may
require many empirical parameters and excessive tuning to
match experimental data. In this study, the Nghiemmodel [4,5]
was used. The fugacity of asphaltene in the solid phase is given
by:
In fa = In fa∗ + va(P − P
∗)
RT
. (5)
In a mixture, when the vapor, liquid and asphaltene phases
coexist, the following thermodynamic equilibrium equations
should be satisfied:
ln fiv = ln fil. (6)
A three-phase flash algorithm [4] is used to solve the above
equations by using SRK EOS for the liquid and vapor phases. The
existence of a solid phase satisfies the following criterion:
fas ≥ fal. (7)
In this model, the only parameter that should be adjusted from
the experimental data is the referenced pressure, P∗.
3.3. PC-SAFT model
The PC-SAFT model describes the residual Helmholtz free
energy (Ares) of a mixture of non-associating fluid, as [15]:
Ares
RT
= A
seg
RT
+ A
chain
RT
= m

A0hs
RT
+ A0
disp
RT

+ A
chain
RT
. (8)
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the pure species’ segment number,mi, weighed by the species’
compositions:
m =

i
xi.mi. (9)
The Mansoori et al. [17] provides the free-energy contribution
of the hard-sphere mixtures:
A0hs
RT
= 6/πρ

ξ2
3 + 3ξ1ξ2ξ3 − 3ξ1ξ2ξ32

ξ3(1− ξ3)2
− (ξ0 − ξ23/ξ32)In(1− ξ3)

, (10)
ξk =
πρ
6

i
xi ·mi · diik, (11)
dii = σi

1− 0.12 exp
ε
k

. (12)
The contribution to Ares, due to chain formation, is given by:
Achain
RT
=

i
xi(1−mi)In ghs(dii), (13)
where ghs(dii) is the hard-sphere pair correlation function at
contact, given by:
ghs(dii) = 11− ξ3 + 3dii/2

ξ2
1− ξ32

+ 2

dii
2
2
(ξ2
2/(1− ξ3)3). (14)
The PC-SAFT model incorporates the effects of chain length on
the segment dispersion energy. The perturbed chain dispersion
contribution is given by:
A0disp
RT
= A1
RT
+ A2
RT
, (15)
A1
RT
= −2πρI1(η,m)

i

j
xi · xj ·mi ·mj ·
 εij
kT
3
σij, (16)
A2
RT
= −πρI2(η,m) · 1/W
×

i

j
xi · xj ·mi ·mj ·
 εij
kT
3
σij, (17)
σij = 0.5(σi + σj), (18)
εij = (1− kij)√εijεjj. (19)
I1 and I2 are functions of the system packing fraction and
average segment number, m, and they are given by Gross
and Sadowski [15]. Also, Gross and Sadowski [15] and Ting
et al. [19] fitted pure component parameters to the saturated
liquid density and vapor pressure data of the pure components
for several homologous series. One advantage of the SAFT
based equation of state is its ability to predict the chain
length dependence of the pure component parameters. In
this model, parameters for the pseudo components in the oil
can be determined on the basis of their average molar mass
correlations for aromatic and n-alkane [20–22].
The asphaltene phase behavior simulation procedure for an
oil starts with a definition of four pseudo components that
represent the gas phase: nitrogen (N2), carbon dioxide (CO2),
methane (CH4) and light pseudo components (hydrocarbons C2
and heavier). The average molecular weight of the light pseudoTable 1: Compositional analysis result for crude oil.
Component mol% Component mol%
CO2 1.12 i-C4 1.68
H2S 3.36 n-C4 3.87
N2 0.85 i-C5 3.14
C1 26.32 n-C5 2.74
C2 11.12 C6 4.57
C3 8.65 C7+ 32.58
component is used to estimate the corresponding PC-SAFT EOS
parameters. Gross and Sadowski [15] identified the three pure-
component parameters required for non-associating molecules
of n-alkanes by correlating their vapor pressures and liquid
volumes.
m = 0.0253 MW+ 0.9263, (20)
σ = (0.1037 MW+ 2.7985)1 ∗ 10−10/m, (21)
ε
k
= 32.8 In (MW)+ 80.398. (22)
In this model, three pseudo components represent the liquid
phase: saturates, aromatics/resins, and asphaltenes. The char-
acterization of this phase is obtained based on the liquid fluid
compositional information (for example, C30+ ) and SARA (satu-
rates, aromatics, resins, and asphaltene) analysis. Up to C10, the
cut is considered a saturated pseudo component, and from C10
to C29, the cut is considered an aromatics/resins pseudo compo-
nent. The C29+ cut is assumed to be asphaltene.
The PC-SAFT parameters for saturated and aromatic/resin
pseudo components are calculated from their average molec-
ular weight. Saturated pseudo components are treated as
n-alkanes; therefore, PC-SAFT parameters are calculated using
Eqs. (19)–(21). The aromatic/resin pseudo component is lin-
early weighted by the aromaticity parameter between Poly-
Nuclear-Aromatic (PNA) and benzene-derivative components,
characterized by the following equations [20]:
m = 0.0139 MW+ 1.2988, (23)
σ = (0.0597 MW+ 4.2015)1 ∗ 10−10/m, (24)
ε
k
= 119.4 In (MW)− 230.21. (25)
Asphaltene parameters were determined by modeling as-
phaltene precipitation upon the titration of dead oil with
n-alkanes [1,19–22].
4. Results and discussion
In this work, the precipitation of asphaltenes in an Iranian
crude oil under different pressures is measured, using an ex-
perimental set up based on high-pressure isothermal expansion
and also atmospheric titration with different solvents.
According to experimental data, the compositional analysis
results of the studied crude oil are given in Table 1, and SARA
(saturates, aromatics, resins and asphaltene) analysis results
corresponding to ASTM D 4124-97 are shown in Table 2.
Figure 1 presents the power of light vs. the pressure
plot for live oil at 420 K. From Figure 1, it is clear that
by decreasing pressure, light transmittance increases almost
linearly with the pressure resulting from oil expansion, but
when onset pressure is reached, asphaltene aggregates start
to increase in both size and number. Under these conditions,
a competition begins between increases in the power of
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Component wt%
Saturates 53.7
Aromatics 28.9
Resins 12.6
Asphaltene 4.8
Figure 1: Power of light vs. pressure plot for live oil at 420 K.
Figure 2: Onset pressures and bubble point prediction.
transmitted light (attributed to oil expansion) and the scatter
of incident light attributed to aggregation. Then, the increment
of the power of transmitted light signal stops maintaining
a constant value within a certain pressure range, until the
size and number of particles per volume unit of fluid are
so large that they completely scatter the incident light, and
the power of transmitted light signal decreases. Also, Table 3
shows the bubble and onset pressuremeasured at four different
temperatures for the studied live-oil sample. At high pressures,
the asphaltenes are soluble in oil. However, during pressure
depletion, the oil expands, reducing the oil solubility parameter,
and it becomes a poor solvent for asphaltene. At a low enough
pressure, the asphaltene precipitation onset is reached, and
asphaltenes begin to precipitate [7]. Pressure depletion alone
can destabilize asphaltenes, and it seems that the major
reason for asphaltene deposition in well-bore pipes. As the
density of crude oil decreases (because of depressurization),
the screening effect on asphaltene interactions arising from
the presence of oil components decreases, causing interactions
between asphaltenes to become stronger,which in turn induces
precipitation.Table 3: Experimental bubble point and onset pressures
of oil sample results.
T (K) Bubble point
pressure (bar)
Onset pressure
(bar)
420 190 340
400 175 360
380 160 378
320 135 382
Table 4: Fraction of precipitated material from oil (wt%).
Solvent ratioa n-C5 n-C6 n-C7 n-C9 n-C12
1 1.17 1.02 0.95 0.9 0.75
2 1.71 1.52 1.36 1.19 0.81
3 2.31 2.01 1.74 1.41 1.14
4 2.52 2.13 1.85 1.67 1.26
5 2.90 2.57 2.17 2.0 1.6
10 3.54 2.84 2.35 2.13 1.71
30 3.69 3.12 2.95 2.54 1.83
50 3.81 3.16 3.08 2.6 1.95
a Solvent ratio: cm3 of n-alkane per g of oil.
Upon further depressurization, the system reaches its bub-
ble point, where the light components, which are asphaltene
precipitants, escape from the liquid phase. As this happens, the
solubility parameter of the oil increases until the oil becomes
a better asphaltene solvent, and stabilizes again. On the other
hand, by reducing pressure, the molar volume of dissolved gas
in the oil increases, which will cause a decrease in the solubility
parameter of the oil, compared to asphaltenes. This will cause
a decrease in solubility of asphaltenes in the oil, which at some
point will start to precipitate out as a solid phase.
Fractions of precipitated material, using atmospheric titra-
tion from oil with different solvents, are given in Table 4.
Table 4 shows the values of asphaltene precipitation, using dif-
ferent alkanes (n-C5, n-C6, n-C7, n-C9 and n-C12) as solvents un-
der ambient conditions. For a given dilution ratio, because the
molecular structure of an alkane has a strong effect on the
yield and physicochemical properties of precipitated asphal-
tene, the amount of asphaltene precipitated decreases as the
carbon number of the n-alkane increases. The precipitation in-
creases substantially as the solvent/oil ratio also increases, for
concentrations ≤ 10 cm3 of n-alkane/g of oil. Beyond this
value, precipitation increases by very small amounts. Addition
of alkane compounds shifts the solubility of asphaltenes in the
bulk oil, because its solvent power affects interaction among
asphaltenes and resins. If alkane compounds are good solvents
for resins but not for asphaltenes, as the volume of solvent in-
creases, the interaction between resins and asphaltenes and
also the capacity of resins to stabilize asphaltene molecules
as small aggregates becomes weak, causing asphaltenes to
precipitate.
Observations show that asphaltenes tend to plug over a
range of pressures in the field. For the wellbore, above or
below a certain pressure range, no deposition is observed.
Figure 2 shows variations of the onset pressure and bubble
point pressure of the studied live oil with temperature. In this
figure, onset pressures are correlated with PC-SAFT EOS and
the Solid model. The bubble point pressure is also correlated
with PR EOS. The correlated curves are also compared with the
experimental results. Table 5 shows the values of correlation
parameters for PC-SAFT EOS. Table 6 compares the performance
of correlating the onset pressure of the studied crude oil, using
PC-SAFT and Solid models. The results show that PC-SAFT
correlates the onset pressure more accurately.
T. Jafari Behbahani et al. / Scientia Iranica, Transactions C: Chemistry and Chemical Engineering 18 (2011) 1384–1390 1389Table 5: PC-SAFT characterization of precipitants and crude oil.
Precipitant MW m σ (°A) ε/k (k)
n-C5 72.146 2.6896 3.7729 231.20
n-C6 86.177 3.0576 3.7983 236.77
n-C7 100.2 3.4831 3.8049 238.4
n-C9 128.25 4.2079 3.8448 244.51
n-C12 170.338 5.3060 3.8959 249.21
Saturates 216.3 6.747 3.954 261.2
Aromatics+ resins 290.1 6.54 3.859 291.2
Asphaltenes 1900 29.5 4.334 398.4
Table 6: Calculated onset pressures for oil sample using PC-SAFT.
T (K) Calculated onset pressure
(bar) with PC-SAFT model
Calculated onset pressure
(bar) with solid model
420 326 314
400 381 390
380 421 430
320 370 360
Avg. dev. % 6.1 8.8
Tables 7 and 8 indicate that the accuracy of the Flory–
Huggins model in predicting precipitated asphaltene lies
between PC-SAFT and Solid models. Table 7 compares the val-
ues of the solvent ratio for asphaltene formation, using PC-SAFT
EOS, Flory–Huggins and Solid models. As shown in Table 7, PC-
SAFT EOS better correlates the solvent ratio values for selected
solvents. For studied solvents at different solvent ratios, Table 8
shows the values of AAD% of precipitated asphaltene weight
percent for the experimental values. Figures 3–5 compare the
variation of solid precipitatedwith a solvent ratio for n-C5, n-C9
and n-C12 as solvents, using the studied models, with experi-
mental results. Table 8 and Figures 2–5 also show the better per-
formance of PC-SAFT EOS in correlating the experimental data,
in comparison with other studied models.Figure 3: Prediction of asphaltene precipitation with n-C5 for crude oil sample.
Figure 4: Prediction of asphaltene precipitation with n-C9 for crude oil sample.
5. Conclusion
The variation of the onset and bubble point pressures for an
Iranian reservoir of studied live oil, with temperature, wasmea-
sured. Then, the measured onset pressures were correlated, us-
ing PC-SAFT EOS and Solid models. The measured bubble point
pressure was also correlated, using PR EOS. The results showTable 7: Calculated results for onset of precipitation.
Precipitant Exp. solvent ratio at onset Cal. solvent ratio at onset
using PC-SAFT EOS
Cal. solvent ratio at onset
using Flory–Huggins model
Cal. solvent ratio at onset using
Solid model
n-C5 0.65 0.69 0.72 0.74
n-C6 0.7 0.74 0.79 0.83
n-C7 0.72 0.78 0.84 0.84
n-C9 0.78 0.82 0.86 0.87
n-C12 0.84 0.89 0.92 0.94
AAD% 6.25 12.01 14.50Table 8: Deviations of precipitated asphaltene weight percent with respect to three models.
Solvent
ratio
%ADa by-n-C5 %AD by n-C6 %-AD by n-C9 %AD by n-C12
PC-SAFT
model
Solid
model
Flory–Huggins
model
PC-SAFT
model
Solid
model
Flory–Huggins
model
PC-SAFT
model
Solid
model
Flory–Huggins
model
PC-SAFT
model
Solid
model
Flory–Huggins
model
1 1.87 14.23 10.12 7.84 11.76 6.86 5.56 22.42 11.14 6.67 20.00 8.00
2 6.43 22.81 15.20 2.63 14.47 7.89 7.56 24.37 21.37 6.17 11.11 7.41
3 9.09 26.41 22.08 4.48 5.47 5.47 7.80 29.08 23.08 3.51 29.82 12.28
4 4.76 16.67 12.70 4.23 10.80 6.10 4.19 16.17 10.18 5.56 28.57 7.76
7 3.45 17.24 10.34 5.06 10.51 10.51 5.00 20.91 10.02 6.25 25.00 12.50
10 9.60 23.73 18.08 5.63 11.97 4.93 6.10 13.29 7.98 3.51 35.67 5.41
30 5.15 21.41 15.99 0.64 7.05 3.85 5.51 9.45 7.51 3.83 12.57 7.10
50 8.14 23.88 18.64 1.90 8.23 5.06 7.69 11.54 9.69 2.56 7.69 5.13
%AAD 6.06 20.79 15.39 4.05 10.03 6.33 6.17 18.40 12.62 4.75 21.30 8.19
a AD= (precipitated asphaltene value (experimental)− precipitated asphaltene value (calculated))/precipitated asphaltene value (experimental).
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that PC-SAFT EOS correlates more accurately with the onset
pressure. Also, the amount of fractions of precipitated asphal-
tene from the oil studied with different solvents, using the at-
mospheric titration method, was measured. The experimental
values of solvent ratio for asphaltene precipitation were corre-
lated, using PC-SAFT EOS, Flory–Huggins and Solid models. The
PC-SAFT EOS shows better performance in correlating the sol-
vent ratio and values of precipitated asphaltene, in comparison
with other studied models. Results indicate also that the accu-
racy of Flory–Huggins model in correlating experimental pre-
cipitated asphaltene values lies between PC-SAFT model and
Solid model.
Acknowledgment
The sponsorship of this research by the Research Institute of
the Petroleum Industry (RIPI) is gratefully acknowledged.
References
[1] Mullins, O.C., et al., Asphaltenes, Heavy Oils and Petroleomics, 1st ed.,
Springer, New York pp. 259–260 (2007).
[2] Chandra, W.A., et al. ‘‘Precipitation of asphaltenes from solvent-diluted
heavy oil and thermodynamic properties of solvent-diluted heavy oil
solutions’’, Fuel, 85, pp. 492–506 (2006).
[3] Hirschberg, A., et al. ‘‘Influence of temperature and pressure on asphaltene
flocculation’’, Soc. Petrol. Eng., 24, pp. 283–291 (1984).
[4] Flory, P.J. ‘‘Thermodynamics of high polymer solutions’’, J. Chem. Phys., 9,
p. 660 (1941).
[5] Huggins, M.J. ‘‘Solutions of long chain compounds’’, J. Chem. Phys., 9, p. 440
(1941).
[6] Thomas, F., et al. ‘‘Experimental and theoretical studies of solids
precipitation from reservoir fluid’’, J. Can. Pet. Technol., 31, pp. 22–31
(1992).
[7] Nghiem, L., et al. ‘‘Modeling asphaltene precipitation during primary
depletion’’, SPE J., 2, pp. 170–176 (1997).
[8] Chung, T. ‘‘Thermodynamicmodeling for organic solid precipitation’’, 67th
Annual Technical Conf. and Exhibition Held, Washington, DC, USA (1992).
[9] Leontaritis, K. ‘‘Asphaltene flocculationduring oil recovery andprocessing:
a thermodynamic-colloidal model’’, The SPE International Symposium on
Oilfield Chemistry, San Antonio, USA (1987).
[10] Victorov, A. and Firrozabadi, A. ‘‘Thermodynamic micellization model
of asphaltene precipitation from petroleum fluids’’, AIChE J., 42,
pp. 1753–1764 (1996).
[11] Victorov, A. and Smirnova, N. ‘‘Description of asphaltene polydispersity
and precipitation by means of thermodynamic model of self-assembly’’,
Fluid Phase Equilib., 471, pp. 158–160 (1999).[12] Fahim, M.A., et al. ‘‘Prediction of asphaltene precipitation for Kuwaiti
crude using thermodynamic micellization model’’, Ind. Eng. Chem. Res., 40,
pp. 2748–2756 (2001).
[13] Chapman, W.G., et al. ‘‘Phase equilibria of associating fluids chain
molecules with multiple bonding sites’’, Mol. Phys., 65, pp. 1057–1079
(1988).
[14] Wertheim, M.S. ‘‘Fluids with highly directional attractive forces: IV.
Equilibrium polymerization’’, J. Stat. Phys., 42, pp. 477–482 (1986).
[15] Gross, J. and Sadowski, G. ‘‘Perturbed-chain SAFT: an equation of state
based on a perturbation theory for chain molecules’’, Ind. Eng. Chem. Res.,
40, pp. 1244–1260 (2001).
[16] Buenrostro-Gonzalez, E., et al. ‘‘Asphaltene precipitation in crude oils:
theory and experiments’’, AIChE J., 50, pp. 2552–2570 (2004).
[17] Mansoori, G.A., et al. ‘‘Equilibrium thermodynamic properties of the
mixture of hard spheres’’, J. Chem. Phys., 54, pp. 1523–1531 (1971).
[18] Yu-Feng, H., et al. ‘‘Measurement and corresponding states modeling
of asphaltene precipitation in Jilin reservoir oils’’, J. Petrol. Sci. Eng., 41,
pp. 169–182 (2004).
[19] Ting, P.D., et al. ‘‘Modeling of asphaltene phase behavior with the SAFT
equation of state’’, J. Pet. Sci. Technol., 21, pp. 647–657 (2003).
[20] Gonzalez, D.L., et al. ‘‘Modeling of asphaltene precipitation due to changes
in composition using the perturbed chain statistical associating fluid
theory equation of state’’, Energy Fuels, 21, pp. 1231–1242 (2007).
[21] Gonzalez, D.L., et al. ‘‘Prediction of asphaltene instability under gas injec-
tion with the PC-SAFT equation of state’’, Energy Fuels, 19, pp. 1230–1234
(2005).
[22] Vargas, F., et al. ‘‘Modeling asphaltene phase behavior in crude oil systems
using the perturbed chain form of the statistical associating fluid theory
(PC-SAFT) equation of state’’, Energy Fuels, 23(3), pp. 1140–1146 (2009).
Taraneh Jafari Behbahani is working in the Research Institute of Petroleum
and Industry (RIPI), and is currently a Ph.D. degree student at the institute
of Petroleum & Chemical Engineering at Sharif University of Technology. Her
research interests include the study of asphaltene deposition in porous media
and the thermodynamics of asphaltene precipitation. She is author of 12 papers
published in journals and 9 papers presented at conferences.
Cyrus Ghotbi was born in 1956 in Tehran, Iran. After graduation from the
Department of Chemical Engineering at Sharif University of Technology in
1978, he continued his studies on Petroleum Engineering at the French
Institute of Petroleum (IFP), Paris, from where he received his M.S. and Ph.D.
degrees in 1981 and 1984, respectively. He then joined Sharif University of
Technology, Tehran, where he is presently Professor of Chemical Engineering.
His research interests include thermodynamics, separation processes, and
petroleum characterization.
Professor Ghotbi is the author of about 50 papers published in international
journals, and about 90 papers presented at international and national
conferences.
Vahid Taghikhani is currently Professor in the Department of Chemical and
Petroleum Engineering at Sharif University of Technology in Tehran, Iran. He
holds B.S., M.S. and Ph.D. degrees in Chemical Engineering from Amirkabir
University of Technology in Iran. He has been working in the Department
of Chemical and Petroleum Engineering at Sharif University of Technology
since 2000, where he has supervised in excess of 50 B.S., 45 M.S. and 7
Ph.D. degree theses. His major research area is related to applied chemical
engineering thermodynamics and phase equilibria. Over the past couple of
years, he has published more than 66 research articles in this subject area
in well-known national and international journals. He has also conducted a
number of industrial projects for National Iranian Oil and Gas Companies (NIOC
and NIGC).
Abbas Shahrabadi is senior researcher at the Research Institute of Petroleum
Industry (RIPI), with interests in EOR processes, phase behavior and fluid flow
in porous media. He holds a B.S. degree from the Petroleum University of
Technology, Ahwaz, Iran, andM.S. and Ph.D. degrees from Amirkabir University
of Technology, Tehran, Iran, all in Chemical Engineering. He is lecturer of
reservoir engineering and fluid flow courses in RIPI. He is a member of SPE,
IACHE and ISPE.
